Abstract: An investigation has been carried out to examine the crosstalk contamination in the Visible Infrared Imaging Radiometer Suite (VIIRS) onboard the Suomi National Polar-orbiting Partnership (SNPP) spacecraft. Prior to this study, the cause of the pronounced striping in Earth View (EV) images and obvious discontinuity in the EV brightness temperature (BT) of the thermal emissive bands (TEB) during black body (BB) warm-up cool-down (WUCD) calibration observed since launch has not been identified. Meanwhile, it has been recently demonstrated in the MODerate-resolution Imaging Spectroradiometer (MODIS) long-wave infrared (LWIR) photovoltaic (PV) bands that the crosstalk effect induces the same erroneous features. In this investigation, it is shown that the established lunar imagery analysis indeed verifies the existence of crosstalk contamination in SNPP VIIRS TEB. The crosstalk effect is quantitatively characterized by deriving the crosstalk coefficients from the scheduled lunar observations. The magnitude of the effect is comparatively smaller than that in MODIS LWIR PV bands, but is of a large enough magnitude to induce the aforementioned artificial features. Among all SNPP VIIRS TEB, Band M14 has the largest crosstalk contamination from Band M15, while Bands M13, M15, M16, and I5 have pronounced crosstalk effects as well. One new detail of the crosstalk effect specific to SNPP VIIRS, differing from the MODIS result, is the distinctive two-group pattern of odd and even detectors for each affected band due to the arrangement of the detector on the focal plane assembly (FPA). This is fully consistent with the earlier finding that this odd-even detector arrangement contributes to striping in the sea surface temperature (SST) products. Our analyses additionally suggest an explanation of the large temperature anomalies appearing during the WUCD time periods. The parallel effort examining the potential crosstalk contamination in SNPP VIIRS reflective solar bands, however, reveals no observable effect.
Introduction
The Visible Infrared Imaging Radiometer Suite (VIIRS) onboard the Suomi National Polar-orbiting Partnership (SNPP) satellite was launched on 28 October 2011 [1, 2] . VIIRS has 22 spectral bands covering a spectral range from 0.410-12.013 µm, which includes 14 reflective solar bands (RSB), 7 thermal emissive bands (TEB), and a panchromatic day/night band (DNB). Among the RSB and TEB, 5 are imaging bands (I-bands) with higher spatial resolution while the other 16 are moderate resolution bands (M-bands). Among the 16 M-bands, 7 are dual-gain bands while the other M-bands as well as all 5 I-bands are single-gain bands. The central wavelengths of the 22 SNPP VIIRS bands, their center wavelengths, key specifications, and major applications are listed in Table 1 [3] . These 22 bands are distributed on three focal plane assemblies (FPA) as displayed in Figure 1 . They are calibrated on-orbit either with an on-board solar diffuser (SD) and SD stability monitor (SDSM) system system for RSB [4] [5] [6] [7] [8] [9] [10] [11] or with an onboard blackbody (BB) for TEB [12, 13] . The Moon, which is scheduled to be viewed approximately monthly through the instrument's space view (SV) port [14] [15] [16] , and the Earth targets are also used to monitor the radiometric performance. VIIRS views the SV, Earth view (EV), BB, and SD, respectively, via a rotating telescope assembly (RTA) and half-angle mirror (HAM). The SNPP VIIRS has successfully provided the sensor data records (SDR) for more than twenty environmental data records (EDR) including clouds, sea surface temperature, ocean color, polar wind, vegetation fraction, aerosol, fire, snow and ice, vegetation, and other applications. Since the beginning of the mission, significant scene-dependent striping has been seen in the EV imagery of both SNPP VIIRS RSB and TEB [17] [18] [19] . The empirical destriping algorithm has been developed [18] and implemented [19] into operations for the TEB to remove the striping in the EV brightness temperatures (BT) by the National Oceanic and Atmospheric Administration (NOAA) Sea Surface Temperature (SST) Team. The methodology has also been adopted and applied later for the RSB to reduce the striping in ocean color products [20] . The striping can be induced by various causes such as detector-dependent relative spectral response (RSR) [21] [22] [23] , crosstalk effect [24] [25] [26] [27] [28] [29] [30] [31] , and others. For RSB, the detector dependent polarization effect is another major cause for the striping in the imagery [32, 33] . The potential induction of the striping in the TEB imagery by RSR errors has been investigated and discussed [21] [22] [23] but has not fully explained the striping in SNPP VIIRS TEB. This examination focuses on crosstalk contaminations as a physical cause of significant striping as well as other effects in the science products. A strong crosstalk effect was found in SNPP VIIRS during prelaunch measurements [34] [35] [36] for both the RSB and TEB. Great effort was spent to characterize the effect but the results were found to vary with the measurements, possibly due to contamination of the scattering light from the various resources. After the SNPP VIIRS launch, the lunar observations were used to check the crosstalk effect [15] . An early mission analysis basing also on lunar images surprisingly found that the RSB no longer exhibits the crosstalk effect while TEB still displays some visible effect weaker than expected [15] . This discrepancy between the prelaunch tests and on-orbit measurements was a pleasant turnout, but so far remains unexplained and requires further investigation. In this paper, we will concentrate on the crosstalk effect after the instrument launch since it directly impacts the science products as the current key issue of high interest.
It was reported from early missions that the SNPP VIIRS ocean SST shows sudden increase during the VIIRS BB warm-up cool-down (WUCD) calibration [37] . Several investigations including some preliminary efforts to improve and stabilize BB calibration [38, 39] have been conducted, but the anomaly cannot be completely mitigated and a definitive connection to any root cause is still elusive. In fact, an early investigation showed that SNPP VIIRS has observable crosstalk contaminations in TEB as mentioned previously [15] . As numerous recent investigations into MODIS unambiguously demonstrate that the crosstalk effect can induce the aforementioned artifacts [24] [25] [26] [27] [28] [29] [30] [31] , the crosstalk effect must necessarily be an important contributor to the artifacts and anomalies known in SNPP VIIRS.
Crosstalk contaminations can be either electronic or optical in origin. Electronic crosstalk in a remote sensor is a phenomenon causing electronic signals to be induced into a particular band from the detectors of neighboring bands on the same FPA [24] [25] [26] [27] [28] [29] [30] [31] . The electronic crosstalk effect induces unexpected sudden jumps, rapid changes, and strong detector differences in the calibration coefficients derived from BB calibration [24] [25] [26] [27] [28] [29] [30] [31] . The level of contamination varies with the detector of the affected band as well as ones of the sending bands. The varying levels across different detectors then can induce striping in the imagery of the affected band. The striping caused by this contamination may be scene dependent [24] [25] [26] [27] [28] [29] [30] [31] due to the varying signal level of the scenes. The effect may also become more severe with time, resulting in worsening bias and long-term drifts in the EV retrievals as has been demonstrated for the MODIS long wave infrared (LWIR) photo-voltaic (PV) bands [24] [25] [26] [27] [28] [29] [30] [31] . It also induces a ghost image when a sharp edge exists in the observing target, due to the different locations of the receiving and sending bands on the focal plane, leading to images of the sharp edge of the sending band to appear as a ghost next to the corresponding image features of the receiving band. The optical crosstalk is induced by the light scattered from one channel to another after the light passes through the filters of the detectors. It induces the same artifacts as the electronic crosstalk except that its contribution to the signal is always positive while that of electronic crosstalk can be either positive or negative. It is worth drawing attention to the fact that the optical crosstalk does not include the effect of optical leak such as out-of-band (OOB) relative spectral response (RSR). Because it is hard to separate the electronic crosstalk and optical crosstalk, this analysis focuses on the combined effect of the two types of crosstalk effect as a whole. As mentioned above, both electronic and optical crosstalk induce a ghost image, and thus ghost image is an intrinsic feature of the crosstalk effect that Remote Sens. 2017, 9, 344 4 of 16 can be used to characterize the effect. The Moon is a "point-like" target with a finite size and a clear edge [15, 16, 40] that can be used for such purposes. Since regularly scheduled observations of the moon occur approximately monthly, an analysis using these lunar images can be used to characterize the crosstalk effect and to derive the crosstalk coefficients for an affected band from the artificial structures around a lunar image observed by the band [24] [25] [26] [27] [28] [29] [30] [31] .
Sun et al. [24] [25] [26] [27] [28] [29] [30] [31] have developed a linear model to describe the crosstalk effect and have shown a successful mitigation of the aforementioned artifacts in the MODIS LWIR PV bands. So far, there have been more than 40 regularly scheduled lunar observations for SNPP VIIRS since its launch [14] [15] [16] . In this paper, the results from the lunar imagery analysis will show that there are very clear crosstalk effects in most of the SNPP VIIRS TEB while no observable crosstalk effect is found in the RSB. The crosstalk effect for each contaminated TEB is characterized by identifying the sending bands and deriving the crosstalk coefficients, characterizing the effect of the affected band from the sending bands, by using the scheduled lunar observations. The details of the model, the characterization procedure of the crosstalk effect, and the mitigation results have been fully laid out in the references noted above.
The rest of the paper is organized as follows. In Section 2, the crosstalk effect signals are demonstrated using the lunar images for the affected TEB while also showing no effect in all RSB and a few TEB. In Section 3, the crosstalk correction methodology and the crosstalk characterization algorithm are briefly reviewed. In Section 4, the crosstalk coefficients are derived for the affected TEB from the scheduled lunar observations and the results are discussed. The crosstalk impacts on the affected bands are also discussed. Section 5 is a brief summary of this analysis.
Crosstalk Effect
For a remote sensor, the crosstalk effect can only occur among the bands on the same FPA. SNPP VIIRS has three FPAs-the visible and near-infrared (VIS/NIR) FPA, shortwave mid-infrared (SW/MIR) FPA, and long wave infrared (LWIR) FPA-as shown in Figure 1 . Therefore, the SNPP VIIRS bands are classified into three separate groups in which the crosstalk contamination can only occur among bands within each group. Since different bands on the same FPA see the same target at different times, the crosstalk effect induces ghost images in the imagery and can be especially distinctive and pronounced when a sharp edge exists [24] . This unique and typical property of the crosstalk can be used to identify and characterize the crosstalk contamination. As mentioned previously and shown in our previous work [24] [25] [26] [27] [28] [29] [30] [31] , the Moon is a proper target for crosstalk effect identification and characterization given its clear imagery with a sharp edge. In this section, we will identify and quantify the crosstalk effect in SNPP VIIRS using the regularly scheduled lunar observations [14] [15] [16] .
VIIRS views the Moon through its SV. For a scheduled lunar observation, the instrument signals are stored in the EV data sector through a sector rotation, in which the lunar image is located at the center of the sector. For the VIIRS EV sector, an along-scan sample aggregation has been applied to reduce the number of "pixels" along the scan direction while keeping the pixel size on the Earth surface about the same along the scan [3] . The aggregation is performed on board for single-gain bands, while the dual-gain M-bands are transmitted unaggregated, leaving the aggregation to be performed during ground processing following radiometric calibration of the individual samples. The data used in this analysis are the data before radiometric calibration and thus the aggregation scheme has not yet been applied to the dual-gain bands [3] . Since the lunar images are located in the center of the sector, the "pixel" widths along the scan for the I-bands, dual-gain M-bands, and single-gain M-bands are 0.387 km, 0.259 km, and 0.776 km, respectively, as listed in Table 1 . The Moon radius spans 7 pixels of a 1-km band, and corresponds to about 18, 27, and 9 pixels for the I-bands, dual-gain M-bands, and single-gain M-bands, respectively [40] . Due to the so-called oversampling effect [40] , the whole Moon is viewed by each individual detector in any of the VIIRS bands. Also because of the effect, the obtained lunar image by the detector may have an elongation effect along the track direction [40] . April 2012. The z-axis labels the magnitude of the background-subtracted lunar signal, the x-axis labels the along-scan direction (samples or frames), and the y-axis labels the along-track direction (scans). To identify the small crosstalk effect, the lunar responses are truncated to 60 digital number (dn) counts to make the crosstalk signals more pronounced if they exist. The maximum lunar view responses for these bands are as high as 257, 705, 3092, and 510 dn, respectively. As discussed previously, the sizes of the lunar images along the scan are about 18, 27, 9, and 9 pixels for Band I1 (imaging band), Band M1 (dual-gain M-band), Band M6 (single-gain M-band), and Band M11 (single-gain M-band), respectively, which are confirmed by the images in Figure 2 .
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April 2012. The z-axis labels the magnitude of the background-subtracted lunar signal, the x-axis labels the along-scan direction (samples or frames), and the y-axis labels the along-track direction (scans). To identify the small crosstalk effect, the lunar responses are truncated to 60 digital number (dn) counts to make the crosstalk signals more pronounced if they exist. The maximum lunar view responses for these bands are as high as 257, 705, 3092, and 510 dn, respectively. As discussed previously, the sizes of the lunar images along the scan are about 18, 27, 9, and 9 pixels for Band I1 (imaging band), Band M1 (dual-gain M-band), Band M6 (single-gain M-band), and Band M11 (singlegain M-band), respectively, which are confirmed by the images in Figure 2 . A clear cylinder of the signals with magnitude 60 dn is seen in the center of each image in Figure  2 . No observable hills or valleys are present in the neighboring frames. In other words, no "ghost image" is seen around the edge of these lunar images. This indicates that there is no observable crosstalk effect in these bands. We have also examined the lunar images of other RSB and found that there is no observable crosstalk effect in them as well. This is consistent with what was found and reported on early in the mission [15] . As mentioned in the Introduction section, a significant crosstalk effect was found in SNPP VIIRS RSB as well as in TEB during the pre-launch sensor characterization. Nevertheless, the crosstalk effect in RSB diminished after launch, resulting in better performance of the RSB in orbit. Figure 3 shows the lunar images observed by Band M14 Detector 8, Band M14 Detector 9, Band M15 Detector 8, and Band M15 Detector 9. It is clearly seen that there are tails at the left edges of the lunar images. These tails are the manifestation of the crosstalk contaminations, which can only come from the bands on the LWIR FPA since the two bands are located on the LWIR FPA as shown in Figure 1 . The left side tails in the lunar images indicate that the sending bands view the Moon at an earlier time than the receiving bands. In other words, the sending bands are located to the right side of the receiving bands on the LWIR FPA according to the ground scan direction labeled in Figure 1 . This is confirmed by the fact that there is no band on the FPA to the left side of Band M14. By comparing Figure 3a ,b, it is seen that the crosstalk effect is larger in Band M14 Detector 9 than in Band M14 Detector 8 since the tail in Figure 3b is larger than that in Figure 3a . By checking the lunar images, No observable hills or valleys are present in the neighboring frames. In other words, no "ghost image" is seen around the edge of these lunar images. This indicates that there is no observable crosstalk effect in these bands. We have also examined the lunar images of other RSB and found that there is no observable crosstalk effect in them as well. This is consistent with what was found and reported on early in the mission [15] . As mentioned in the Introduction section, a significant crosstalk effect was found in SNPP VIIRS RSB as well as in TEB during the pre-launch sensor characterization. Nevertheless, the crosstalk effect in RSB diminished after launch, resulting in better performance of the RSB in orbit. Figure 3 shows the lunar images observed by Band M14 Detector 8, Band M14 Detector 9, Band M15 Detector 8, and Band M15 Detector 9. It is clearly seen that there are tails at the left edges of the lunar images. These tails are the manifestation of the crosstalk contaminations, which can only come from the bands on the LWIR FPA since the two bands are located on the LWIR FPA as shown in Figure 1 . The left side tails in the lunar images indicate that the sending bands view the Moon at an earlier time than the receiving bands. In other words, the sending bands are located to the right side of the receiving bands on the LWIR FPA according to the ground scan direction labeled in Figure 1 . This is confirmed by the fact that there is no band on the FPA to the left side of Band M14. By comparing Figure 3a ,b, it is seen that the crosstalk effect is larger in Band M14 Detector 9 than in Band M14 Detector 8 since the tail in Figure 3b is larger than that in Figure 3a . By checking the lunar images, observed on the same day, of all 16 detectors in Band M14, it can be concluded that the crosstalk contaminations in the detectors with an odd detector number are larger than those with an even detector number. This is understandable because the 16 detectors of Band M14 are grouped into two groups, one with odd detector numbers and the other with even detector numbers, into two columns on the LWIR FPA separated by three frames (aggregated pixels). Since the contaminations are from bands on the right of the band, odd-numbered detectors are closer to the sending bands than the even-numbered detectors and thus are expected to have larger electromagnetic interference. From Figure 3c ,d, a similar phenomenon is seen in Band M15 where the crosstalk contamination in Detector 9 is larger than that in Detector 8. By checking the lunar images of all detectors in Band M15, the same pattern observed in Band M14 is seen and the same conclusion for Band M14 is drawn. In principle, M15 may have crosstalk contamination from band M14 and the contamination should appear on the right side of the lunar images in Figure 3c ,d, since M14 is located on the left side of M15. From Figure 3c ,d, it can be seen that the tails on the right side of the two lunar images are much smaller than those on the left side. In other words, the crosstalk contaminations from M14 to M15 are much smaller than those from M16. In this analysis, we will focus on the crosstalk contaminations from M16 to M15. By comparing Figure 3a -d, it is also seen that the crosstalk contamination in Band M14 is larger than that in Band M15.
Remote Sens. 2017, 9, 344 6 of 16 observed on the same day, of all 16 detectors in Band M14, it can be concluded that the crosstalk contaminations in the detectors with an odd detector number are larger than those with an even detector number. This is understandable because the 16 detectors of Band M14 are grouped into two groups, one with odd detector numbers and the other with even detector numbers, into two columns on the LWIR FPA separated by three frames (aggregated pixels). Since the contaminations are from bands on the right of the band, odd-numbered detectors are closer to the sending bands than the even-numbered detectors and thus are expected to have larger electromagnetic interference. From Figure 3c ,d, a similar phenomenon is seen in Band M15 where the crosstalk contamination in Detector 9 is larger than that in Detector 8. By checking the lunar images of all detectors in Band M15, the same pattern observed in Band M14 is seen and the same conclusion for Band M14 is drawn. In principle, M15 may have crosstalk contamination from band M14 and the contamination should appear on the right side of the lunar images in Figure 3c ,d, since M14 is located on the left side of M15. From Figures  3c,d , it can be seen that the tails on the right side of the two lunar images are much smaller than those on the left side. In other words, the crosstalk contaminations from M14 to M15 are much smaller than those from M16. In this analysis, we will focus on the crosstalk contaminations from M16 to M15. By comparing Figure 3a -d, it is also seen that the crosstalk contamination in Band M14 is larger than that in Band M15. Figure 4a-d shows the lunar images observed by Band M13 Detector 8, Band M13 Detector 9, Band M16 Detector 8, and Band M16 Detector 9, respectively. The two bands are located on the SW/MIR FPA and LWIR FPA, respectively. Since Band M13 is a dual-gain band, the two lunar images of the band have more frames or samples in the along-scan direction. Different from Band M14 and M15, the observable tails in the four lunar images occur at the right side of the cylinders. This indicates that crosstalk contamination for each of them comes from the bands located to the left side on the same FPA. In fact, Band M13 is located on the right end of the SW/MIR FPA and thus there are only bands to its left side on the FPA. Same as in Bands M14 and M15, the detectors in each of the Bands M13 and M16 are classified into two groups distributed into two columns separated by three aggregated pixels of a single-gain band on its FPA. Same as for all the other TEB, the even detectors are located to the left side of the odd detectors. Since for Bands M13 and M16 the crosstalk Since Band M13 is a dual-gain band, the two lunar images of the band have more frames or samples in the along-scan direction. Different from Band M14 and M15, the observable tails in the four lunar images occur at the right side of the cylinders. This indicates that crosstalk contamination for each of them comes from the bands located to the left side on the same FPA. In fact, Band M13 is located on the right end of the SW/MIR FPA and thus there are only bands to its left side on the FPA. Same as in Bands M14 and M15, the detectors in each of the Bands M13 and M16 are classified into two groups distributed into two columns separated by three aggregated pixels of a single-gain band on its FPA. Same as for all the other TEB, the even detectors are located to the left side of the odd detectors. Since for Bands M13 and M16 the crosstalk contaminations come from the sending bands located to their left side, it is expected that the crosstalk contamination in the even detectors should be larger than those in the odd detectors for both bands. This pattern is different and is, in fact, exactly the opposite from that in Bands M14 and M15. By comparing Figure 4a -d, the crosstalk contaminations, represented by the tails in the right side of the lunar images, in the even detectors are indeed larger than those in the odd detectors. There are also small tails on the left side of the lunar images in Figure 4c ,d, which is induced by crosstalk contamination from band I5 located to the right side of band M16 on the same focal plane.
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Crosstalk Correction Algorithm
A linear model has been developed by Sun et al. [24] [25] [26] [27] [28] [29] [30] [31] Table 1 ) and different statuses of the aggregation application for dual-and single-gain bands. Equation (1) requires the pixel sizes of the receiving band and sending bands to be the same. As long as the pixel sizes are the same, it does not matter whether the data for instrument response in Equation (1) are aggregated.
Considering that the smooth change of temperature is typical of Earth scenes, the detectors can be grouped together to be averaged. However, an extra detail appears for SNPP VIIRS, and that is the parity phenomenon, to be demonstrated later, for which the even-numbered and odd-numbered detectors behave as two distinctively separate groups. Thus, for SNPP VIIRS, Equation (1) can be further approximated as for a TEB [24] . 
A linear model has been developed by Sun et al. [24] [25] [26] [27] [28] [29] [30] [31] 
where B r , D r , B s , and D s represent the receiving band, receiving detector, sending band, and sending detector, respectively; F is the pixel number along the scan of band B r ; F BD is the pixel shift between band B detector D and the focal plane reference axis shown in Figure 1; is the crosstalk signal from the sending bands to the receiving detector of the receiving band. The pixel sizes of the original lunar data are different for different bands due to pixel size differences of the I-bands and M-bands (see Table 1 ) and different statuses of the aggregation application for dual-and single-gain bands. Equation (1) requires the pixel sizes of the receiving band and sending bands to be the same. As long as the pixel sizes are the same, it does not matter whether the data for instrument response in Equation (1) are aggregated.
Remote Sens. 2017, 9, 344 9 of 16 where P r is the parity of detector D r and P is the detector parity of the sending band B s ; the brackets indicate the average over the detectors with parity P of the sending band B s ; C(B r , D r , B s , P) is the effective crosstalk coefficient from the sending band B s detectors with parity P to the receiving band B r detector D r . Equation (2) can be applied to an area within an image, within which the signals are mainly crosstalk contamination, to derive the crosstalk coefficients. Since the lunar surface is not uniform, one needs to use the summation of the dn over scans for each given frame or sample along-scan instead of the dn in Equation (2) to derive the crosstalk coefficients. The details of how to derive the crosstalk coefficients from the lunar observations have been well described in our previous work [24, 26] . So far, the edges of the lunar images are known to be the most optimal for this purpose [24] [25] [26] [27] [28] [29] [30] [31] . To remove the crosstalk contamination in the receiving bands, the crosstalk contamination described in Equations (1) or (2) is subtracted from the measured signals of the band in both routine and WUCD BB calibration [24] [25] [26] [27] [28] [29] [30] [31] , and also in Earth view (EV) observations. It is worth mentioning that there are also crosstalk contaminations among the detectors within the receiving band. One can include the intra-band crosstalk contribution in Equations (1) and (2) as well. However, the intra-band crosstalk contaminations in BB calibration and in EV observations cancel each other and the final impact of this crosstalk effect on the EV retrievals is negligible. Thus, we will focus on inter-band crosstalk contaminations in this analysis.
Crosstalk Coefficients
In this section, we derive the crosstalk coefficients using the scheduled lunar observations and the established linear algorithm. The main procedure is identical to previous work [24, 26] except for the straightforward adaptation to separate the analysis to account for the parity phenomenon, as in Equation (2) . In other words, the procedure used in this analysis to derive the crosstalk coefficients from the lunar observations is exactly the same as that used for the MODIS crosstalk analysis, except that here the odd and even detectors of a sending band are analyzed as separate bands. From the lunar imagery analysis, we identify the main sending bands for the following affected bands-M13, M14, M15, and M16. For each of these affected bands, there is only one sending band which needs to be considered as discussed in Section 2. It is worth mentioning that most SNPP VIIRS TEB saturate when they view the brightest part of the lunar surface. A scaling scheme is applied to estimate the instrument response at the saturated region for each band. This is achieved by a careful comparison with a corresponding image of an unsaturated band to reconstruct the dn in the saturated region via scaling [24, 26] . After the application of the scaling, the peak numbers of the lunar images for bands M12-M16, which are either receiving bands or sending bands for the crosstalk contaminations of bands M13-M16, are 4114, 3638, 4464, 3930, 3875 dn, respectively. With the scaled lunar data, the coefficients are derived.
As already demonstrated in Section 2, Band M14 receives crosstalk contaminations from the bands located to its right side on the LWIR FPA. There are three such bands-M15, M16 (M16A and M16B), and I5-to the right of Band M14 that in principle can have crosstalk with Band M14. The analysis of the tails at the left side of the lunar images of Band M14 reveals that there are no crosstalk contaminations from Bands M16 and I5 or that the contributions from them are negligible. Thus, the crosstalk contaminations as demonstrated by the tails at the left side of the lunar images shown in Figure 3a ,b come from Band M15. Figure 7a ,b shows the crosstalk coefficients derived from the Band M14 lunar observations for the entire mission. In the plot, the coefficients are expressed in percentages, or simply 100 times the coefficients. It is easy to see that there are no visible long-term changes in the coefficients over time, although repeated fluctuations are obvious. The fluctuations are considered to come from the remaining uncertainties of the measurement, which are not significant in the context of this analysis. Figure 7a shows the crosstalk coefficients for all detectors of Band M14 from the odd detectors of Band M15. It is easy to see that the coefficients fall into two separate groups, based on the evenness, oddness, or parity of the detectors. The coefficients for the crosstalk contaminations in Band M14 for its odd detectors are about 0.25%, while those for the even detectors are close to zero. This is consistent with the fact that the odd detectors are located closer to Band M15. Figure 7b shows the crosstalk coefficients for all detectors of Band M14 from the even detectors of Band M15. Once again, the coefficients fall into two groups, one for odd detectors and the other for even detectors. For odd detectors, the crosstalk coefficients are about the same, and are close to 0.9%. For even detectors, they are much smaller, at close to 0.1%. As mentioned previously, it is difficult to separate the effect of electronic crosstalk and optical crosstalk. In other words, it is difficult to identify whether the crosstalk effect in M14 is induced by electronic crosstalk or optical crosstalk. Nevertheless, the dependence of the crosstalk effect on the distance between a receiving detector and a sending detector indicates that the crosstalk is most likely optical crosstalk.
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(a) (b) Figure 8a ,b, the coefficients are again grouped into two groups as expected. Again, the crosstalk coefficients for Band M15 for its odd detectors are larger than those for its even detectors. Also, the crosstalk contaminations from Band M16 as the sending band are larger from its even detectors than the odd ones due to their arrangement on the LWIR FPA. This suggests that the crosstalk in M15 is probably mainly optical crosstalk, consistent with that in M14. Comparing  Figures 7 and 8 , it is seen that the crosstalk contaminations in Band M15 are smaller than those in Band M14. However, it is important to point out that this assessment based on the crosstalk coefficients may not necessarily translate to the same order for the actual impacts of the crosstalk contaminations in science products. Figure 9a ,b displays the crosstalk coefficients derived from the lunar observations for Band M13. As mentioned in Section 2, Band M13 is located at the right end of the SW/MIR FPA, and therefore its crosstalk contaminations can only come from the bands to its left side. Furthermore, the crosstalk effect can only induce artifacts around the right side of the lunar images, as demonstrated in Figure  4a ,b. Similar to Bands M14 and M15 receiving contributions from only one neighboring sending band, the only non-negligible crosstalk contaminations for Band M13 comes from Band M12, its nearest band neighbor on the FPA. Figure 9a ,b show the Band M13 crosstalk coefficients derived from the lunar imagery analysis. Again, the same as for Bands M14 and M15, the coefficients do not show Figure 8a ,b, the coefficients are again grouped into two groups as expected. Again, the crosstalk coefficients for Band M15 for its odd detectors are larger than those for its even detectors. Also, the crosstalk contaminations from Band M16 as the sending band are larger from its even detectors than the odd ones due to their arrangement on the LWIR FPA. This suggests that the crosstalk in M15 is probably mainly optical crosstalk, consistent with that in M14. Comparing  Figures 7 and 8 , it is seen that the crosstalk contaminations in Band M15 are smaller than those in Band M14. However, it is important to point out that this assessment based on the crosstalk coefficients may not necessarily translate to the same order for the actual impacts of the crosstalk contaminations in science products. Figure 9a ,b displays the crosstalk coefficients derived from the lunar observations for Band M13. As mentioned in Section 2, Band M13 is located at the right end of the SW/MIR FPA, and therefore its crosstalk contaminations can only come from the bands to its left side. Furthermore, the crosstalk effect can only induce artifacts around the right side of the lunar images, as demonstrated in Figure 4a ,b. Similar to Bands M14 and M15 receiving contributions from only one neighboring sending band, the only non-negligible crosstalk contaminations for Band M13 comes from Band M12, its nearest band neighbor on the FPA. Figure 9a ,b show the Band M13 crosstalk coefficients derived from the lunar imagery analysis. Again, the same as for Bands M14 and M15, the coefficients do not show long-term trends with time. Figure 9a displays the coefficients for all detectors of Band M13 for the crosstalk contaminations from the odd detectors of Band M12, while Figure 9b shows the coefficients for the contaminations from the even detectors of Band M12. Again, the coefficients in both Figure 9a ,b expectedly fall into two groups. However, different from Bands M14 and M15, the Band M13 crosstalk coefficients for odd detectors are smaller than those for even detectors, and the crosstalk contaminations from Band M12 are smaller for its even detectors than for its odd detectors, due to the relative positions of the receiving and sending bands being opposite of those in the cases of Bands M14 and M15. Comparing Figures 7-9 , it is seen that the crosstalk contaminations in Band M13 are smaller than those in Band M14, but larger than those in Band M15. Again, this assessment is based on the crosstalk coefficients but the actual impacts of the crosstalk contaminations may not necessarily follow this order.
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(a) (b) Figure 10a,b shows the crosstalk coefficients derived from the lunar imagery analysis for Band M16. As discussed in Section 2, Band M16 is a TDI band combining Bands M16A and M16B. In principle, crosstalk contaminations can exist between the detectors of M16A and M16B, but it is difficult to separate them in current lunar images unless the lunar data obtained by each individual of the two bands M16A and M16B are explicitly provided. In this analysis, we assume that the effect of the crosstalk between Bands M16A and M16B is small and that effectively all contributions come from other bands, specifically from Band I5 located to its right side and Bands M14 and M15 to its left side. The crosstalk contaminations from Band I5 should appear at the left side of the lunar images displayed in Figure 4c ,d as previously discussed. Comparing Figures 2-4 , it can be seen that the long-term trends with time. Figure 9a displays the coefficients for all detectors of Band M13 for the crosstalk contaminations from the odd detectors of Band M12, while Figure 9b shows the coefficients for the contaminations from the even detectors of Band M12. Again, the coefficients in both Figure  9a ,b expectedly fall into two groups. However, different from Bands M14 and M15, the Band M13 crosstalk coefficients for odd detectors are smaller than those for even detectors, and the crosstalk contaminations from Band M12 are smaller for its even detectors than for its odd detectors, due to the relative positions of the receiving and sending bands being opposite of those in the cases of Bands M14 and M15. Comparing Figures 7-9 , it is seen that the crosstalk contaminations in Band M13 are smaller than those in Band M14, but larger than those in Band M15. Again, this assessment is based on the crosstalk coefficients but the actual impacts of the crosstalk contaminations may not necessarily follow this order.
(a) (b) Figure 10a,b shows the crosstalk coefficients derived from the lunar imagery analysis for Band M16. As discussed in Section 2, Band M16 is a TDI band combining Bands M16A and M16B. In principle, crosstalk contaminations can exist between the detectors of M16A and M16B, but it is difficult to separate them in current lunar images unless the lunar data obtained by each individual of the two bands M16A and M16B are explicitly provided. In this analysis, we assume that the effect of the crosstalk between Bands M16A and M16B is small and that effectively all contributions come from other bands, specifically from Band I5 located to its right side and Bands M14 and M15 to its left side. The crosstalk contaminations from Band I5 should appear at the left side of the lunar images displayed in Figure 4c ,d as previously discussed. Comparing Figures 2-4 , it can be seen that the As discussed in Section 2, Band M16 is a TDI band combining Bands M16A and M16B. In principle, crosstalk contaminations can exist between the detectors of M16A and M16B, but it is difficult to separate them in current lunar images unless the lunar data obtained by each individual of the two bands M16A and M16B are explicitly provided. In this analysis, we assume that the effect of the crosstalk between Bands M16A and M16B is small and that effectively all contributions come from other bands, specifically from Band I5 located to its right side and Bands M14 and M15 to its left side. The crosstalk contaminations from Band I5 should appear at the left side of the lunar images displayed in Figure 4c ,d as previously discussed. Comparing Figures 2-4 , it can be seen that the crosstalk contaminations from Band I5 to Band M16 are considerably smaller than those from Band M15 to Band M14 and from Band M16 to Band M15, although small tails are observable on the left side of the lunar images in Figure 4c ,d. They are considered to be negligible in this analysis and we will focus on the crosstalk contaminations that occurred at the right side of the lunar images, which come from the bands to the left side of Band M16 on the LWIR FPA. Similarly, as previously discussed for Bands M14 and M15 with each receiving interference signals from the nearest neighboring band, for M16 only the contaminations from Band M15 need to be considered in this analysis. Similar to Bands M13 to M15, there are no changing long-term trends in the coefficients. Figure 10a displays the coefficients for all detectors of band M16 for the crosstalk contaminations from the odd detectors of Band M15, while Figure 10b shows the coefficients for the contaminations from the even detectors of Band M15. As expected, the coefficients in both Figure 10a ,b fall into two groups. Different from Bands M14 and M15 and similar to Band M13, the crosstalk coefficients for the odd detectors are smaller than those for the even detectors and crosstalk contaminations from the even detectors of Band M15 are smaller than those from the odd detectors, due to the relative positions of the receiving and sending bands being in opposite arrangement to those of Bands M14 and M15. Comparing Figures 7-10 Figure 4c ,d. They are considered to be negligible in this analysis and we will focus on the crosstalk contaminations that occurred at the right side of the lunar images, which come from the bands to the left side of Band M16 on the LWIR FPA. Similarly, as previously discussed for Bands M14 and M15 with each receiving interference signals from the nearest neighboring band, for M16 only the contaminations from Band M15 need to be considered in this analysis. Similar to Bands M13 to M15, there are no changing long-term trends in the coefficients. Figure 10a displays the coefficients for all detectors of band M16 for the crosstalk contaminations from the odd detectors of Band M15, while Figure 10b shows the coefficients for the contaminations from the even detectors of Band M15. As expected, the coefficients in both Figures 10a and 10b fall into two groups. Different from Bands M14 and M15 and similar to Band M13, the crosstalk coefficients for the odd detectors are smaller than those for the even detectors and crosstalk contaminations from the even detectors of Band M15 are smaller than those from the odd detectors, due to the relative positions of the receiving and sending bands being in opposite arrangement to those of Bands M14 and M15. Comparing Band I5 is located at the right end of the LWIR FPA. The lunar images in Figure 5a ,b demonstrate that there are visible crosstalk contaminations from bands to its left side on the FPA, especially Band M16. In principle, we can derive the crosstalk coefficients for Band I5 with the same approach as applied to Bands M13-M16. However, the image bands collect the data twice as frequently as compared to the moderate bands. Specifically, half of the samples for an image band are taken at about the same times as the moderate bands, while the other half of the samples are taken when the moderate bands do not take data. So the crosstalk effect for the sets of samples is different as demonstrated in Terra MODIS Band 2 [41] , where regular brighter and darker spots occur in the EV imagery due to differences of the crosstalk contaminations among the subframes from the other bands. We therefore do not discuss the crosstalk effect further for Band I5 in this analysis but will do so in a follow-up paper, where crosstalk correction will also be applied to remove the contamination in both BB calibration and in EV retrievals.
It is, however, important to raise caution concerning the current result for M16 due to the complication of it being a dual band, namely M16A and M16B. The derived coefficient characterizing the effect of M15 on M16 can, in principle, contain two separate contributions-one from M15 to M16A and the other from M16A to M16B. The direct application of the crosstalk coefficient to mitigate the effect of M15 on M16 may result in overcompensation, and therefore is an issue to be addressed when the correction is to be applied. For the current analysis, the purpose of demonstrating the crosstalk effect in M16 is fully achieved. It is worth noting that the near field response (NFR) may Band I5 is located at the right end of the LWIR FPA. The lunar images in Figure 5a ,b demonstrate that there are visible crosstalk contaminations from bands to its left side on the FPA, especially Band M16. In principle, we can derive the crosstalk coefficients for Band I5 with the same approach as applied to Bands M13-M16. However, the image bands collect the data twice as frequently as compared to the moderate bands. Specifically, half of the samples for an image band are taken at about the same times as the moderate bands, while the other half of the samples are taken when the moderate bands do not take data. So the crosstalk effect for the sets of samples is different as demonstrated in Terra MODIS Band 2 [41] , where regular brighter and darker spots occur in the EV imagery due to differences of the crosstalk contaminations among the subframes from the other bands. We therefore do not discuss the crosstalk effect further for Band I5 in this analysis but will do so in a follow-up paper, where crosstalk correction will also be applied to remove the contamination in both BB calibration and in EV retrievals.
It is, however, important to raise caution concerning the current result for M16 due to the complication of it being a dual band, namely M16A and M16B. The derived coefficient characterizing the effect of M15 on M16 can, in principle, contain two separate contributions-one from M15 to M16A and the other from M16A to M16B. The direct application of the crosstalk coefficient to mitigate the effect of M15 on M16 may result in overcompensation, and therefore is an issue to be addressed when the correction is to be applied. For the current analysis, the purpose of demonstrating the crosstalk effect in M16 is fully achieved. It is worth noting that the near field response (NFR) may bring some artifacts around the edge of a lunar image as well, if it has a non-negligible effect. However, the NFR should not depend on detector parity. Thus, the artifacts seen in the lunar images of the SNPP VIIRS TEB should be mainly due to the crosstalk contaminations as discussed.
As demonstrated in Figures 7-10 , the crosstalk effect in SNPP VIIRS has remained sufficiently stable to allow for a smooth averaging over time to represent the effect as a constant. Figure 11a ,b shows the time-averaged crosstalk coefficients for odd and even detectors of the sending bands, respectively, for Bands M13-M16. Since the EV temperature is relatively smooth over a few kilometers, the signals in the odd and even detectors for a TEB are expectedly about the same. Thus, we can further sum up the averaged coefficients in Figure 11a ,b for each individual receiving detector and band for comparison purposes. Figure 11c shows the summations of the averaged crosstalk coefficients in Figure 11a ,b. First, we can see that Band M14 has the largest crosstalk contamination, followed by Bands M13 and M16, and finally Band M15. Second, there is a very clear difference between the odd and even detectors in all four bands. Third, Bands M14 and M15 have the same odd-even pattern, while Bands M13 and M16 have the opposite odd-even pattern. This odd-even detector difference definitely can induce the currently known pattern in the calibration coefficients derived from the BB calibration and scene-dependent striping in its EV retrievals for each of the four bands. For any EDR products that use a combination of these bands, the striping can become even more pronounced if two bands of opposing odd-even patterns, such as Bands M15 and M16 in Figure 11 , are used. This is indeed the case with SST which uses the difference between M15 and M16 and can result in striping enhancement [18, 19, 37] . Because the crosstalk effect depends on the signals of the sending bands, its impact on SST can be further intensified in the WUCD calibration during which the BB temperature is raised. The reported artifacts appearing in the SST during the WUCD time periods [37] are consistent with this finding.
Remote Sens. 2017, 9, 344 13 of 16 bring some artifacts around the edge of a lunar image as well, if it has a non-negligible effect. However, the NFR should not depend on detector parity. Thus, the artifacts seen in the lunar images of the SNPP VIIRS TEB should be mainly due to the crosstalk contaminations as discussed.
As demonstrated in Figures 7-10 , the crosstalk effect in SNPP VIIRS has remained sufficiently stable to allow for a smooth averaging over time to represent the effect as a constant. Figure 11a ,b shows the time-averaged crosstalk coefficients for odd and even detectors of the sending bands, respectively, for Bands M13-M16. Since the EV temperature is relatively smooth over a few kilometers, the signals in the odd and even detectors for a TEB are expectedly about the same. Thus, we can further sum up the averaged coefficients in Figure 11a ,b for each individual receiving detector and band for comparison purposes. Figure 11c shows the summations of the averaged crosstalk coefficients in Figure 11a ,b. First, we can see that Band M14 has the largest crosstalk contamination, followed by Bands M13 and M16, and finally Band M15. Second, there is a very clear difference between the odd and even detectors in all four bands. Third, Bands M14 and M15 have the same oddeven pattern, while Bands M13 and M16 have the opposite odd-even pattern. This odd-even detector difference definitely can induce the currently known pattern in the calibration coefficients derived from the BB calibration and scene-dependent striping in its EV retrievals for each of the four bands. For any EDR products that use a combination of these bands, the striping can become even more pronounced if two bands of opposing odd-even patterns, such as Bands M15 and M16 in Figure 11 , are used. This is indeed the case with SST which uses the difference between M15 and M16 and can result in striping enhancement [18, 19, 37] . Because the crosstalk effect depends on the signals of the sending bands, its impact on SST can be further intensified in the WUCD calibration during which the BB temperature is raised. The reported artifacts appearing in the SST during the WUCD time periods [37] are consistent with this finding. The crosstalk effect in SNPP VIIRS TEB is smaller compared to that in the MODIS LWIR PV bands, in which the crosstalk effect is not only strong but becomes increasingly more severe with time. Nevertheless, the crosstalk effect in SNPP VIIRS TEB is non-negligible and the features of the crosstalk contaminations match the properties of the artifacts [18, 19, 37] that have been found in SNPP VIIRS TEB since its launch. The direct connection of these observed artifacts to crosstalk contaminations in SNPP VIIRS is yet to be explicitly demonstrated, and their mitigation awaits further efforts. With the crosstalk coefficients derived in this analysis using the algorithm we have developed in our previous work, it is expected that the artifacts can be removed or significantly reduced. The further development towards this direction requires a different and more demanding analysis, and is outside the scope of this work.
Summary
The crosstalk effect in SNPP VIIRS has been examined. The existence of significant crosstalk contamination in TEB has been confirmed by the established lunar imagery analysis, while no observable crosstalk effect is found in RSB. The crosstalk effect in TEB is characterized and the crosstalk coefficients for Bands M13-M16 are derived from the analysis of the scheduled lunar observations. The crosstalk contaminations are both band and detector dependent. It is shown that Band M14 has the largest crosstalk contaminations among all TEB and its contaminations come from Band M15. The crosstalk effect for odd detectors is about 0.9%, which may induce significant impact in the EV retrievals of the band. A clear difference between the odd and even detectors for the affected bands is demonstrated, and this detector-based difference can induce striping in the EV imagery. In addition, the crosstalk contaminations induce errors in the derived EV retrievals and also the sudden changes in the EV brightness temperature during WUCD BB calibrations. In brief, the crosstalk contaminations in SNPP VIIRS TEB are large enough to affect the associated SDR and EDR products derived from these bands, with results such as striping in imagery and artifacts in SDR and EDR products during WUCD calibration events. This analysis conclusively finds the need to apply crosstalk correction to both the BB calibration and SDR code to improve the accuracy of the calibration coefficients and the EV retrievals.
